Quantum transport in normal-metal/ferromagnet/spin-triplet superconductor junctions  by Cheng, Qiang & Jin, Biao
Physica B 426 (2013) 40–44Contents lists available at SciVerse ScienceDirectPhysica B0921-45
http://d
n Corr
E-mjournal homepage: www.elsevier.com/locate/physbQuantum transport in normal-metal/ferromagnet/spin-triplet
superconductor junctions
Qiang Cheng, Biao Jin n
School of Physics, University of Chinese Academy of Sciences, P.O. Box 4588, Beijing 100049, Chinaa r t i c l e i n f o
Article history:
Received 16 April 2013
Received in revised form
22 May 2013
Accepted 30 May 2013
Available online 10 June 2013
Keywords:
Quantum transport
Andreev reﬂection
Ferromagnet
Spin-triplet superconductor26 & 2013 The Authors. Published by Elsevie
x.doi.org/10.1016/j.physb.2013.05.042
esponding author. Tel.: +86 10 82640447.
ail address: biaojin@ucas.ac.cn (B. Jin).a b s t r a c t
We study the subgap charge and spin transport in normal-metal/ferromagnet/spin-triplet superconduc-
tor (N/F/TS) tunneling junctions induced by bias voltage. Charge and spin conductance are calculated
following the extended Blonder–Tinkham–Klapwijk (BTK) theory. We show that the Andreev reﬂection,
which governs the low-energy transport, may be inﬂuenced substantially by the exchange ﬁeld in the
ferromagnet giving rise to controllable giant charge and spin tunneling magnetoresistance (TMR) effect.
We calculate also the quantum interference effects which lead to oscillatory behavior of charge and spin
conductance.
& 2013 The Authors. Published by Elsevier B.V. Open access under CC BY license. 1. Introduction
In recent years, hybrid structures involving ferromagnet and
superconductor have been subjected to continuously growing interests
because of the rich physical phenomena in these systems and their
potential applications in spintronics [1–4]. These renewed interests are
initiated partly due to the recent technological advances in materials
growth and fabrication techniques which have made it possible to
create high quality ferromagnet-superconductor interfaces and have
constituted an exciting settings for studying the interplay between
ferromagnetism and superconductivity. Among others, proximity
effect and spin-dependent transport in normal-metal/ferromagnet/
superconductor (N/F/S) double junctions have attracted a number of
theoretical researches [5–9]. The resonant proximity effect in normal-
metal/diffusive ferromagnet/s-wave superconductor and normal-
metal/diffusive ferromagnet/d-wave superconductor structures have
been investigated in Refs. [6,7] by solving the quasiclassical Usadel
equation [10] with the Kupriyanov–Lukichev [11,12] boundary condi-
tions. It has been shown that the resonance proximity effect may
strongly inﬂuence the tunneling charge conductance and the density
of states. More recently, the authors of Ref. [9] have studied the subgap
spin and charge transport induced bymagnetization precession in N/F/
s-wave superconductor trilayers employing the time-dependent scat-
tering theory [13]. In particular, they have derived an approximater B.V. Open access under CC BYexpression for the transverse spin current for structures where the
thickness of ferromagnet layer is longer than the transverse spin
coherence length. Note however that in these works only the spin-
singlet conﬁguration has been assumed for the superconducting
states. It seems that a systematic investigation on N/F/TS structures
is still lacking.
The purpose of this paper is to reveal some important transport
properties peculiar to N/F/TS junctions. In contrast to the previous
works we consider a ballistic ferromagnet without being subjected
to magnetization precession. In this situation, the low-energy
quantum transport in N/F/TS is governed by the Andreev reﬂection
(AR) [14] as in its spin-singlet counterpart. It is established that, in
the spin-singlet case the AR and thus the subgap conductance may
be inﬂuenced seriously when the magnitude of the exchange ﬁeld
in ferromagnet is large [15]. However, the situation may be quite
different in the spin-triplet case where the state of Cooper pairs is
described by the d-vector [16]. Here, in addition to the conventional
AR [14], the unconventional same-spin-band AR, in which the
incident election and the reﬂected hole belong to the same spin
subband, is possible depending on the relative angle between the
exchange ﬁeld in ferromagnet and the d-vector of the supercon-
ductor [17–19]. In contrast to the conventional AR, the same-spin-
band AR is hardly affected by the exchange ﬁeld even if the
ferromagnet is in the half-metallic limit. Since one may obtain
the conventional AR dominated regime or the same-spin-band AR
dominated regime by controlling the orientation of exchange ﬁeld
with weak external magnetic ﬁeld, this peculiar angular depen-
dence would directly lead to a TMR effect. In this work we calculate
the charge tunneling magnetoresistance (CTMR) and the spin
tunneling magnetoresistance (STMR) in N/F/TS junctions on the license. 
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effects associated with the thickness of ferromagnet and the degree
of spin polarization are also discussed.2. Model and formulation
Consider a quasi two-dimensional N/F/TS double tunneling
junction in the clean limit. We adopt the Stoner model for
ferromagnet where the direction of exchange ﬁeld M is speciﬁed
by polar angle θm and azimuthal angle ϕm. The tunneling barriers
located perpendicular to the x-axis are modeled by delta-type
potentials V ðxÞ ¼ V1δðxÞ þ V2δðx−LÞ, in which L denotes the thick-
ness of the ferromagnet.
The gap matrix of the TS is generally given by
Δ^ðkÞ ¼
Δk↑↑ Δk↑↓
Δk↓↑ Δk↓↓
 !
¼ ðdðkÞ  s^Þis^2 ; ð1Þ
where s^ i denote the usual Pauli matrices and dðkÞ the d-vector. In
this work we will deal with a TS with the d-vector given by
dðkÞ ¼Δf ðθsÞz^; ð2Þ
where f ðθsÞ ¼ eiθs with θs being the angle between the x-axis and
the momentum ks of electron-like quasiparticle in the super-
conductor. This chiral p-wave state is considered to be a strong
candidate for the ground state of Sr2RuO4 [21,22]. Note that the
direction of this d-vector is independent of the wave vector k.
To calculate tunneling conductance of N/F/TS junctions, we use
the generalized BTK theory which takes into account an arbitrary
pairing symmetry in superconductor. The wave functions of
quasiparticles in different regions can be obtained by solving the
Bogoliubov–de Gennes equation
H^ðxÞ Δ^ðxÞ
Δ^
nðxÞ −H^ðxÞ
 !
Ψ ðxÞ ¼ EΨ ðxÞ; ð3Þ
where the four-component spinor Ψ ðxÞ ¼ ðu↑ðxÞ;u↓ðxÞ; v↑ðxÞ; v↓ðxÞÞT
consists of wave functions usðxÞ for the electron and vsðxÞ for the
hole degrees of freedom, E is the quasiparticle energy measured
from Fermi energy EF, H^ðxÞ ¼ ð−ðℏ2=2mÞ∇2−EF Þ1^−MðxÞ  s^ þ VðxÞ,
MðxÞ ¼MΘðxÞΘðL−xÞ and Δ^ðxÞ ¼ Δ^ðkÞΘðx−LÞ with 1^ being the iden-
tity matrix, and ΘðxÞ the Heaviside step function.
Let us consider a spin-up electron incident from the N region at
an angle θ to the interface normal. Deﬁning ě1 ¼ ð1;0;0;0ÞT ,
ě2 ¼ ð0;1;0;0ÞT , ě3 ¼ ðs0;0;1;0ÞT , ě4 ¼ ð0;0;0;1ÞT , the solution of
Eq. (3) for the N layer is given by
ΨNðxo0Þ ¼ ðeikNx þ b↑↑e−ikNxÞ ̌e1 þ b↑↓e−ikNxě2
þa↑↑eikNxě3 þ a↑↓eikNxě4; ð4Þ
where kN ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
ð2m=ℏ2ÞEF−k2∥
q
with k∥ ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
ð2m=ℏ2ÞEF
q
sin θ. The coef-
ﬁcients b↑↑, b↑↓, a↑↑, and a↑↓ represent the normal reﬂection to
spin-up subband, the normal reﬂection to spin-down subband,
the AR to spin-up subband and the AR to spin-down subband,
respectively.
The wave function in the ferromagnet region can be expressed
similarly as
Ψ F ð0oxoLÞ ¼ ½χn1ðf 1eiqeþx þ f 2e−iqeþxÞ−χ2ðf 3eiqe−x þ f 4e−iqe−xÞě1
þ½χ2ðf 1eiqeþx þ f 2e−iqeþxÞ þ χ1ðf 3eiqe−x þ f 4e−iqe−xÞ ̌e2
þ½χ1ðf 5eiqhþx þ f 6e−iqhþxÞ−χ2ðf 7eiqh−x þ f 8e−iqh−xÞ ̌e3
þ½χ2ðf 5eiqhþx þ f 6e−iqhþxÞ þ χn1ðf 7eiqh−x þ f 8e−iqh−xÞě4; ð5Þ
where qe7 ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
ð2m=ℏ2ÞðEF7M þ E−k2∥ Þ
q
, qh7 ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
ð2m=ℏ2ÞðEF7M−E−k2∥ Þ
q
, and
χ1 ¼ cos ðθm=2Þeiϕm , χ2 ¼ sin θm=2.
In the superconducting region, the wave function is given by
Ψ TSðx≥LÞ ¼ c↑↑½uðθsÞě1 þ gðθsÞvðθsÞě4eikxþc↑↓½uðθsÞě2 þ gðθsÞvðθsÞě3eikx
þd↑↑½ ~gðθsÞ ~vðθsÞě2 þ ~uðθsÞě3e−ikx
þd↑↓½ ~gðθsÞ ~vðθsÞě1 þ ~uðθsÞě4e−ikx; ð6Þ
where c↑↑, c↑↓, d↑↑, d↑↓ stand for the transmission coefﬁcients of
electron-like and hole-like quasiparticles, respectively, and
uðθsÞ ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
1
2
1þΩ
E
 s
; vðθsÞ ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
1
2
1−
Ω
E
 s
;
gðθsÞ ¼ f ðθsÞ=jf ðθsÞj; Ω¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
E2−jΔ0f ðθsÞj2
q
; ð7Þ
with ~uðθsÞ ¼ uðπ−θsÞ, ~vðθsÞ ¼ vðπ−θsÞ, ~gðθsÞ ¼ gðπ−θsÞ, and k¼ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
ð2m=ℏ2ÞEF−k2∥
q
.
There will be a critical angle θc ¼ arccos
ﬃﬃﬃ
X
p
with X ¼M=EF ,
which divide the incident angle interval ð−π=2; π=2Þ into two
sections, corresponding to two different types of particle propaga-
tion. For θoθc , all wave functions are propagating waves; for
θ4θc, the wave functions of electrons and holes with minority
spin in F become evanescent waves, and qe− and qh− become a pure
imaginary number.
According to BTK theory, the charge conductance at tempera-
ture T subjected to bias voltage V is given by
scðV ; TÞ ¼
Z
dEscðEÞ~f ðE;V ; TÞ; ð8Þ
scðEÞ ¼ sc↑ðEÞ þ sc↓ðEÞ; ð9Þ
sc↑ð↓ÞðEÞ ¼
2e2
h
Z π=2
−π=2
dθ sc↑ð↓ÞðE; θÞ cos θ; ð10Þ
with
sc↑ðE; θÞ ¼ 1þ ja↑↑j2 þ ja↑↓j2−jb↑↑j2−jb↑↓j2;
sc↓ðE; θÞ ¼ 1þ ja↓↑j2 þ ja↓↓j2−jb↓↑j2−jb↓↓j2;
and
~f ðE;V ; TÞ ¼ 1
kBT
eðE−eVÞ=kBT
½eðE−eVÞ=kBT þ 12 : ð11Þ
The spin conductance [23,24] is deﬁned by
ssðV ; TÞ ¼
Z
dEssðEÞ~f ðE;V ; TÞ; ð12Þ
ssðEÞ ¼ ss↑ðEÞ−ss↓ðEÞ; ð13Þ
ss↑ð↓ÞðEÞ ¼
2e2
h
Z π=2
−π=2
dθ ss↑ð↓ÞðE; θÞ cos θ: ð14Þ
with
ss↑ðE; θÞ ¼ 1þ ja↑↑j2−ja↑↓j2−jb↑↑j2 þ jb↑↓j2;
ss↓ðE; θÞ ¼ 1þ ja↓↓j2−ja↓↑j2−jb↓↓j2 þ jb↓↑j2: ð15Þ
The temperature dependance of the pair potential ΔðTÞ, with its
zero temperature value designated by Δ0, is determined by the
usual BCS-type gap equation [16]. The conductances sc and ss
are complicated functions of the parameters V, T as well as the
effective interface barrier heights Zi ¼mVi=ℏ2kF ði¼ 1;2Þ, and
the normalized thickness of the ferromagnet kFL. As regards to
the angular dependence, it is found that both scT and s
s
T depend
only on the relative angle θm with the generic relations:
scjπ−θm ¼ scjθm ; ssjπ−θm ¼ −ssjθm : ð16Þ
Hence, we will discuss the results only for 0≤θm ≤π=2 and ϕm ¼ 0
in the following sections.
Q. Cheng, B. Jin / Physica B 426 (2013) 40–44423. Results for charge transport
We ﬁrst present our numerical results for charge conductance.
Fig. 1 shows the charge conductance spectra at T¼0.2Tc for Z1¼0,
1, and 5 with several values of θm for each case. Other parameters
are taken as X¼1, Z2¼0 and kFL¼15. One can see that the θm
dependence is rather pronounced; with the increment of θm from
0 to π=2, sc evolves gradually from a gap-like structure, via a
double-peaked structure, to a single-peaked structure with the
peak centered at V¼0. Because of the inﬂuence of exchange ﬁeld,
the subgap conductance is suppressed seriously for θm ¼ 0 similar
to the case of N/F/s-wave junction. For θm ¼ π=2, however, the
conductance is changed slightly in comparison to that of X¼0 (see
Fig. 5). Besides, as Z1 increases, the amplitude of subgap charge
conductance is suppressed and the peaks become sharper except
for the θm ¼ 0 case.
In order to understand the novel angular dependence of sc
mentioned above, it is convenient to discuss the property of gap
matrix written in the coordinate of spin space in ferromagnet,
which may be obtained by performing unitary transformation
using the usual D1=2 matrix
D1=2 ¼
cos θm2 e
−iϕm=2 − sin θm2 e
−iϕm=2
sin θm2 e
iϕm=2 cos θm2 e
iϕm=2
 !
: ð17ÞFig. 1. Charge conductance spectra at T¼0.2TC for different values of θm with X¼1,
Z2¼0, and kFL¼15.We have
Δ^F ðkÞ ¼Δeiθs
sin θm cos θm
cos θm − sin θm
 !
ð18Þ
As can be seen, when θm ¼ 0 the gap matrix is purely off-diagonal,
the superconductor is effectively in an opposite-spin-pairing (OSP)
state. In this situation, only the AR in which the incoming electron
and the Andreev reﬂected hole occupy opposite spin band is
allowed, as in the case of spin-singlet superconductor. At T¼0
and X¼1, this conventional AR is forbidden, leading to zero subgap
conductance in our N/F/TS structure. On the other hand, when
θm ¼ π=2, the matrix Δ^F ðkÞ gets only diagonal components as in an
equal-spin-pairing (ESP) spin-triplet state. In this case, only the
same-spin-band AR is possible. Obviously such a scattering pro-
cess can take place even if X¼1, giving rise to considerable subgap
conductance. When 0oθmoπ=2, the superconductor is effectively
in a superposition of the OSP and ESP states, with the rate of the
latter state increasing monotonically with the θm.
Since the angle θm may be tuned by externally applied weak
magnetic ﬁeld, such θm dependence of sc implies a controllable
TMR effect. To quantify this effect, we consider CTMR deﬁned as
CTMRðθmÞ ¼
scðθmÞ−scð0Þ
scð0Þ
: ð19Þ
Plotted in Fig. 2 are the CTMRðπ=2Þ spectra for different Z1 at
T¼0.2Tc with X¼1, Z2¼0 and kFL¼15. The CTMRðπ=2Þ shows zero-
bias peak in general, and the peak becomes more steep as Z1 is
increased. The peak values for Z1¼0, 1, and 5 are about 3104%,
2105%, and 5105%, respectively. In fact, as T-0, CTMRðπ=2Þ
tends to inﬁnity within the whole subgap region ∣eV∣oΔ0.
Presented in Fig. 3 is the zero-bias CTMRðπ=2Þ as a function
of Z1 for Z2¼0, 1, and 5. As can be seen, the barrier-height
dependence is highly nonlinear. For Z141, we have
CTMR∣Z2 ¼ 5o CTMR∣Z2 ¼ 0oCTMR∣Z2 ¼ 1. In the tunneling limit
Z2b1, CTMR is seriously depressed because of decline in the
rate of AR.
Next, let us consider the quantum interference effect. This effect
arises from the interference due to the different wave vectors of
quasiparticles within the ferromagnet and may lead to an oscillatory
variation of charge conductance as a function of the thickness kFL or
the spin polarization X. Depicted in Fig. 4(a) and (b) are zero-bias
conductance (ZBC) versus kFL curves for θm ¼ 0 and θm ¼ π=2,
respectively. Other parameters are taken as X¼1, Z1¼1, Z2¼0, and
T¼0.2Tc. The resultant CTMR is shown in Fig. 4(c). At kFL¼0, our N/F/
TS structure is reduced to a N/TS junction and the CTMR is zero. With
increasing kFL, CTMR rises at ﬁrst, while ceases to increase for larger
kFL values (data not shown). Besides, it is also found that the novel
nonlinear dependence of zero-bias CTMRðπ=2Þ on Z2 discussed above
for kFL¼15 (see Fig. 3) disappears for kFL¼5 and 25, while reappears
for kFL¼35 as a consequence of quantum interference.
Shown in Fig. 5 is the polarization dependence of ZBC for
θm ¼ 0 and θm ¼ π=2, with Z1¼1, Z2¼0, kFL¼15, and T¼0.2Tc. For
θm ¼ 0, only the conventional AR can happen at F/TS interface, and
the oscillation originates from the interference effect involving the
spin-up (or down) electrons and the holes with opposite spin in
the F layer. As X increases, the amplitude of ZBC decreases due to
the suppression of the conventional AR process. For θm ¼ π=2,
only the same-spin-band AR can take place at F/TS interface, and
the ZBC attains a considerable value even at X¼1. As we see, the
amplitude of oscillation also strongly depends on the angle θm.4. Spin conductance and STMR
The spin conductance ss deﬁned in the previous section (see
Eq. (12)) depends also on the angle θm, X and other parameters.
Fig. 2. Plot of CTMR ðπ=2Þ versus bias voltage eV=Δ0.
Fig. 3. Plot of CTMR ðπ=2Þ versus the barrier height Z1 at V¼0, with T¼0.2Tc, X¼1,
and kFL¼15.
Fig. 4. (a) Variation of ZBC as a function of kFL for θm ¼ 0. (b) Variation of ZBC as a
function of kFL for θm ¼ π=2. (c) The CTMR curve obtained from the above ZBC data.
Fig. 5. Variation of ZBC as a function of X for θm ¼ 0 and θm ¼ π=2 at T¼0.2Tc, with
Z1¼1, Z2¼0, and kFL¼15.
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be distinctly different from that of charge conductance sc . Plotted
in Fig. 6 are the bias voltage dependence of ss for different values
of θm at temperatures T¼0.2Tc, 0.5Tc, and T¼0.9Tc, with X¼0.3,
Z1¼1, Z2¼0 and kFL¼15. For θm ¼ 0, the subgap spin conductance
is rather small at low temperature although the ferromagnet is nothighly spin polarized (see Fig. 6(a)). This feature may be under-
stood as follows. Consider a spin-up incident electron for instance.
When θm ¼ 0, the superconductor is in an OSP state, the coefﬁ-
cients a↑↑, b↑↓, c↑↓, and d↑↑ turn out to be exactly zero. One gets
then ss↑ðE; θÞ ¼ 1−ja↑↓j2−jb↑↑j2 (see Eq. (15)). On the other hand,
Fig. 6. Spin conductance spectra at T¼0.2Tc (a), T¼0.5Tc (b), and T¼0.9Tc (c), for
different values of θm .
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jb↑↑j2 þ jb↑↓j2 þ jc↑↑j2 þ jc↑↓j2 þ jd↑↑j2 þjd↑↓j2, is now reduced to
1¼ ja↑↓j2 þ jb↑↓j2 þ jc↑↑j2 þjd↑↓j2. As a result, only the contribu-
tions from quasiparticles are remained and we have
ss↑ðE; θÞ ¼ jc↑↑j2 þ jd↑↓j2, which is very small in the subgap at low
temperature irrespective of the concrete value of X. As the
temperature increases, the quasiparticle transport is enhanced
and the subgap spin conductance rises rapidly as shown in Fig. 6
(b)–(c).
Next we consider the case of θm ¼ π=2. Now the superconductor
is in an ESP state with the same probability for spin-up and spin-
down Cooper pairs. Since the projection of the original spin axis to
the rotated one is zero in this situation, the spin conductance related
to spin-up and spin-down incident electrons turn out to be the same,
giving rise to zero total spin conductance ss ¼ 0. Note that this is a
consequence irrespective of the spin polarization X and temperature
T (see Fig. 6). It is interesting to recall that the charge conductance
usually attains its maximumwhen θm ¼ π=2 (see Fig. 1). In the case of
intermediate angle 0oθmoπ=2, all the coefﬁcients will have non-
zero value due to the spin-ﬂip scattering process in the ferromagnet.
However, owing to the spin polarization X, the magnitude of various
coefﬁcients for spin-up and spin-down incident electrons is different
leading to a ﬁnite spin conductance at low temperature.
Finally, we turn to the STMR effect. The drastic variation of spin
conductance ss as a function of the angle θm implies a pronouncedSTMR effect. Here we consider a STMR given by
STMR¼ ssðθm ¼ π=4Þ−ssðθm ¼ π=2Þ
ssðθm ¼ π=2Þ
: ð20Þ
It is apparent from the above discussion that, the subgap STMR
would become inﬁnite as far as X≠0. This is a remarkable and
important feature in contradiction to CTMR where a giant CTMR
rate is attainable only in the limit of T5Tc , X-1.5. Summary
In conclusion, we have theoretically studied the charge and
spin transport in N/F/TS double junctions at ﬁnite temperature
based on the generalized BTK theory. A chiral p-wave gap function
is assumed for the spin-triplet superconductor. It is found that
both the charge and spin conductance depend sensitively on the
relative angle between the exchange ﬁeld in the ferromagnet and
the d-vector in the superconductor, which may lead to novel CTMR
and STMR effect. In particular, our study suggest that the N/F/TS
junctions may serve as a set up with outstanding on/off ratio for
spin polarized tunneling current. The quantum interference effects
which lead to the oscillatory behavior of conductances are also
investigated.Acknowledgments
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